some function led to rapid cell death. These data provide a demonstration that autophagy is critical for maintaining cell survival following growth factor withdrawal.
. This decrease in nutrient transtion to withdrawing from the cell cycle, cells cultured in porter expression has been proposed to perturb mitothe absence of growth factor underwent progressive chondrial physiology resulting in the induction of apoatrophy. This atrophy correlated with the inability to utiptotic cell death . However, an lize extracellular glucose and the induction of macroaualternative explanation is that the decline in surface extophagy. Despite the abundance of oxidizable nutrients pression of nutrient transporters simply reflects a secin the extracellular media, growth factor-deprived cells ondary response to the decreased metabolic demand became dependent on the autophagic degradation of on the cell following the cessation of growth and the intracellular contents to maintain ATP production. Prewithdrawal from the cell cycle (Conlon and Raff, 1999).
vention of autophagy by RNAi-mediated suppression of In this model, perturbations in mitochondrial physiology autophagy genes or chemical inhibitors of autophagoresult from the activities of apoptotic regulatory factors. some function led to rapid cell death. These data provide a demonstration that autophagy is critical for maintaining cell survival following growth factor withdrawal.
*Correspondence: craig@mail.med.upenn.edu While, by its very nature, macroautophagy is a selflimited survival strategy, it was able to promote growth factor-independent survival for several weeks. During this period, readdition of growth factor led to stimulation of glycolysis and complete cell recovery. Together, these data suggest that growth factor signal transduction is required to maintain a sufficient level of nutrient utilization to support the survival of mammalian cells.
Results

Growth Factor Withdrawal Results in Progressive Atrophy of Bax
Ϫ/Ϫ Bak Ϫ/Ϫ Cells To study the effects of growth factor withdrawal on cells lacking the intrinsic apoptotic pathway, immortalized interleukin-3-(IL-3) dependent cell lines were generated from the bone marrow of Bax Ϫ/Ϫ Bak Ϫ/Ϫ mice. These cells failed to undergo apoptosis following growth factor withdrawal ( Figure 1 ) but remained dependent on IL-3 for proliferation in culture. Transfection of either Bax or Bak fully restored apoptosis in these cells in response to IL-3 withdrawal with comparable kinetics to that observed in wild-type IL-3-dependent cells ( Figures 1A and  1B) . Following IL-3 withdrawal, the Bax Ϫ/Ϫ Bak Ϫ/Ϫ cells exited from the cell cycle and the cell number in the culture did not change during the first several weeks ( Figure 1D ). Although the initial decline in cell size that occurs in the first two days after growth factor withdrawal results from the arrest of the cells in the G 0 /G 1 phase of the cell cycle, cell size continued to decline at subsequent time points, and no stable cell size was achieved as measured by either cell size or protein content ( Figure 1E and data not shown). Beginning at approximately 12 weeks, cell number and viability also began to decline and Ͼ95% of cells were dead by 24 weeks of culture ( Figures 1C and 1D ). 
Autophagosome Formation Is Induced by Growth Factor Withdrawal
Cells grown in the presence of IL-3 were highly glycolytic (Figure 2A ). In contrast, glycolysis declined rapidly following IL-3 withdrawal, and there was a time-dependent loss of GLUT1, the major glucose transporter expressed on these cells ( Figure 2B) . Coincident with the decline in glycolysis, there was a decline in mitochondrial membrane potential ( Figure 2C ). Cellular ATP levels also fell, but the decline in glucose transporter expression was greater than that expected based on the ATP decline ( Figure 2D ), suggesting that cells were utilizing alternative substrates to maintain their bioenergetics. Furthermore, the continued decline in cell size of the G 0 /G 1 arrested cells following growth factor withdrawal suggested the possibility that cells were utilizing macroautophagy to catabolize intracellular substrates to maintain their survival. These observations prompted a characterization of the cells during growth factor withdrawal by electron microscopy. By 48 hr after growth factor withdrawal, early autophagosomes were visible in the cytosol of the cells (Figures 3Aa-3Ac 
Inhibition of Autophagy Leads to Cell Death
transfected with ATG5 hairpins were withdrawn from IL-3, their viability began to decline at 48 hr after withThe ability of cells to initiate autophagosome formation is dependent on the ATG12-ATG5 complex. To test drawal, and virtually all cells were dead by 96 hr ( Figure  3D ). The onset and rapidity of decline in cell viability whether macroautophagy plays a role in maintaining growth factor-independent cell survival, shRNA against correlated with the extent of ATG5 protein suppression by shRNA ( Figure 3D ), with the absence of autophagic ATG5 were introduced into the IL-3 dependent cells. Cells transfected with two independent shRNA conprocessing of LC3 in growth factor-deprived cells in which ATG5 is suppressed ( Figure 3C , lane 4 versus structs against ATG5 (hp-2 and hp-7) or a control had no effect on the size or viability of cells grown in the lanes 5 and 6) and a statistically significant reduction in autophagosomes observed in electron micrographs at presence of IL-3 (data not shown). In contrast, if cells 
Growth Factor Readdition Restores Glycolysis
Although glycolysis recovered rapidly following IL-3 readdition, cells did not regain their ability to grow and and Cell Growth/Proliferation In unicellular organisms, an important feature of autoproliferate immediately. The recovery time for cell size and proliferation varied depending on the length of time phagic maintenance of cell survival is the ability of the cells to recover and proliferate if nutrients reappear (Lethe cells had been deprived of IL-3. Virtually all cells deprived of IL-3 for 2 or 6 weeks were ultimately able vine and Klionsky, 2004). Despite the loss of cell surface nutrient transporters, the absence of an observable to recover as measured by cell growth and proliferation when placed in IL-3-containing medium (Figures 7C and Golgi/ER, and a profound decline in total protein content, the cells cultured in the absence of IL-3 had higher 7D). However, the kinetics of recovery were dramatically different depending on the length of time the cells were levels of surface IL-3 receptor ( Figure 7A ) than cells grown in the presence of IL-3. In addition, the IL-3 recepdeprived of IL-3. All of the cells in both cultures began to grow in size in response to IL-3 ( Figure 7E ). After only tor-activated transcription factor STAT3, a known regulator of GLUT1 expression, was still expressed (data not 3 days of IL-3, the average cell in the 2 week-deprived cultures had grown from 276 fL to 439 fL. In contrast, shown). Therefore, we determined whether the ability of IL-3 to regulate glucose uptake and metabolism was even after 11 days of IL-3, the average cell in the 6 weekdeprived cultures had only grown from 241 fL to 353 fL intact. Within 4 hr of IL-3 readdition the glycolytic rate of the cells increased almost 5-fold and by 24 hr in-( Figure 7E ). In comparison to the cells in the 2 weekdeprived cultures, it took over a week longer for cells creased to levels comparable to those of cells grown in the presence of IL-3 ( Figure 7B ).
in the 6 week-deprived cultures to begin to divide and 
